The Fukushima Daiichi Nuclear Power Plant accident showed a significant effect on the environment due to the release of a large amount of radioactive material. To prevent the damage of the reactor pressure vessel (RPV), an in-vessel melt retention (IVR) by external reactor vessel cooling is considered to be a key severe accident management strategy. For its success, investigation of the thermal-mechanical behavior of the RPV lower head is of importance. The main objective of this study is the development of a thermal structural calculation tool for simulating the failure process and the visco-plastic behavior of the RPV lower head wall during the late phase of a core-melt severe accident. OpenFOAM, an open-source toolbox for developing numerical solvers, was used for the calculation platform. Thermal behavior of the molten pool in the RPV lower head is simulated by the phasechange effective convectivity model (PECM). One of the LIVE (Late In-Vessel Phase Experiments) experiments was analyzed for an evaluation purpose and reasonable results were obtained. The solver was then extended to couple PECM with a structural analysis model that considers thermal expansion, plasticity, creep and material damage. Two FOREVER (Failure Of Reactor Vessel Retention) tests, each of which uses different type of steel, were analyzed: EC-FOREVER-2 with French RPV steel 16MND5 and EC-FOREVER-4 with American RPV steel SA533B1. The deformation and failure time agreed reasonably well with the measured data. In addition, the failure mode was also well predicted qualitatively. The numerical analysis showed that the developed tool has a capability of simulating the lower head thermal structural behavior.
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Introduction
Severe accidents in nuclear power plants are very unlikely in the light of the accident management measures implemented by operators. However, they are still possible as recently happened at Fukushima Daiichi Nuclear Power Plants in 2011, which caused severe consequences on the environment due to release of radioactive materials from the damaged reactors. Severe accident research has recently gained more importance to mitigate accidents and to improve accident measures. Through a perspective of confining radioactive material inside the reactor pressure vessel (RPV), in-vessel melt retention (IVR) of the molten core is recognized as a key severe accident strategy and the improvement of the predictability of the thermal loading is a matter of high interest (Klein-Heßling et al., 2014) . A number of experiments and numerical studies have been conducted regarding a RPV lower head failure under core-melt severe accident conditions. It is noted that the most important investigations so far are: the USNRC/SNL Lower Head Failure (LHF) program (Chu et al.,1999) , the OECD Lower Head Failure (OLHF) program (Humphries et al., 2002) and the KTH Failure Of Reactor Vessel Retention (FOREVER) program . The first and second programs were performed at the Sandia National Laboratory (SNL, USA) and the third program was performed at the Royal Institute of Technology (KTH, Sweden). All three programs provided data for model development and validation, and have led to a better understanding of the mechanical behavior of the RPV lower head (Koundy and Hoang, 2008) . The numerical analyses revealed that there are still uncertainties and deviations between analytical codes and models (Nicolas et al., 2003; Willschütz et al., 2006) . In order to improve predictions, more investigation and work are needed on the choice of the failure criteria and failure mode. In addition, the cost of core-melt experiments is prohibitively high and numerical analysis tools must be improved to be accepted as a good choice of creep and damage analysis of the RPV. The main objective of this study is the development of a thermal structural analysis model and the numerical investigation of the RPV lower head filled with molten material. For the thermal analysis, the phase-change effective convectivity model (PECM) was selected due to its applicability to a complex 3D geometry in the future. The LIVE-L7V test was analyzed for an evaluation purpose. The solver was then extended to include a structural analysis model, considering thermal expansion, plasticity, creep and material damage. Creep parameters for two different steels (French RPV steel 16MND5 and American RPV steel SA533B1) were prepared and implemented into the solver, and the numerical analyses of EC-FOREVER-2 and -4 were conducted. A different hypothesis on large deformation effects was considered and results of two types of meshes (updated and fixed) will be compared.
Model implementation

Thermal analysis model
Due to the internal heat generation in the corium pool and the external cooling of the RPV walls, natural convection occurs in the molten pool in the RPV lower head due to internal heat generation in the corium pool and the external cooling of the RPV walls. Since it is computationally expensive to simulate this complex behavior by solving a set of Navier-Stokes equations, a number of models using lumped parameter methods and distributed parameter methods were developed, in order to construct a computationally-effective and sufficiently-accurate simulation platform. In the present Madokoro, Miassoedov and Schulenberg, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel. work, the PECM is used for prediction of the thermal behavior of the molten pool. The PECM is a model for describing turbulent natural convection heat transfer in an internally-heated fluid volume and has been extensively validated against a set of experiments Dinh, 2009a, 2009b) . The PECM uses directional effective heat-convecting velocities, or simply named "characteristic velocities" to effectively transfer the heat generated in the fluid volume toward the cooled boundary (wall) in an amount equal to the convective heat transport in the respective direction. The use of effective convectivity helps eliminate the need to solve a complete set of Navier-Stokes and energy equations with instantaneous fluid velocities. Instead, the energy conservation equation is solved using the effective convective terms represented by the characteristic velocities:
Computationally, the heat source Q v can be combined with the effective convective terms in a modified source term S c as follows:
Therefore, the final form of the energy conservation equation to solve is as follows:
The characteristic velocities are given for each direction as shown in Fig. 1 . They are derived using energy balance equations and presented through thermal diffusivity and Nusselt numbers as follows:
where H pool is the height of the melt pool, H up is the height of the pool upper mixed region, H down is the height of the lower stratified region, and W pool is pool width. H up (and H down ) is assumed to be as follows:
Assuming that the coordinate system shown in Fig. 1 is used, the characteristic velocities can be given as follows:
The upward, sideward and downward Nusselt numbers were empirically obtained and expressed as follows (Steinberner and Reineke, 1978) : 
In order to describe the sideward heat transfer coefficient profile due to the boundary layer development along an inclined cooled surface, the Eckert-type correlation (Chawla and Chan, 1982) is used:
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Structural analysis model
The RPV lower head is loaded by the weight of the molten pool and the vessel, the internal pressure and the temperature field. The primary stresses are the internal pressure and the gravity, which are not relieved by the deformation of the vessel wall, but they are even increased due to the reduction of wall thickness. The temperature gradients cause secondary stresses, which are relieved by visco-plastic deformation. Creep and plasticity mechanisms play a decisive role in the failure process of the RPV wall. In this study, three parts of deformation have been considered: elastic deformation, plasticity and creep. The plasticity is a prompt process, taking place only above the yield stress, while creep is a time dependent process at elevated temperatures, occurring at rather low stress. They can occur simultaneously and the corresponding material damage is evaluated by the damage module.
Elastic deformation and plasticity
The elastic material properties are assumed to be isotropic and can be completely characterized by the temperaturedependent Young's modulus and the constant Poisson's ratio (ν p =0.3). To represent the plastic deformation, a concept of the multi-linear isotropic hardening model is used, in which plasticity is represented by a function of stress over strain consisting of six linear sections. At each temperature, the six points of the stress-strain curves are defined as follows (Willschütz et al., 2003) :
• Point 1: Stress at true strain of 0.0005. Pure elastic deformation is assumed until this point.
• Point 2: Stress at true strain of 0.002.
• Point 3: Stress at true strain of 0.01.
• Point 4: Stress at true strain of 0.05.
• Point 5: Highest true stress observed before necking at the according true strain.
• Point 6: Maximum stress at the fracture strain.
Creep model
The creep strain rate can be formulated as follows with a number of free parameters:
The constants d 1 , d 2 , d 3 and d 4 are used to adapt the creep laws to a number of creep tests, each of which performed at constant nominal load and temperature. The above equation can, however, only handle the primary creep stage and the secondary creep stage (ε cr = 0), while it is necessary to capture also the tertiary creep stage (ε cr > 0), where the strain rate exponentially increases due to reduction of material resistance caused by necking phenomena, internal cracks or voids. In order to reproduce the later creep stages, the damage parameter (D) is introduced taking into account the material deformation, which is expressed between 0 (no damage) and 1 (completely damaged). The creep strain increment is coupled with the damage and is evaluated as follows:
The creep strain rate obtained by the material creep acceleration is realized by the damage coupling, i.e. by the factor of (1 − D) −1 .
A creep database for two types of steels is considered in the model: the French steel 16MND5 and the American steel SA533B1. In practice, it is difficult to achieve a satisfying fit for a wide range of temperatures and stresses with only Madokoro, Miassoedov and Schulenberg, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.18-00038] one set of coefficients as shown in Eq. (15). Therefore, the strain hardening formulation of power law creep is given for each temperature as Eq. (17) and the creep strain rate between two temperature points is interpolated.
The database developed for the French steel 16MND5 is summarized in Table 1 (Altstadt and Mössner, 2000) . The material characterization for the American steel SA533B1 was conducted during the LHF and OLHF test program at SNL (Humphries et al., 2002) . The creep parameters are calculated based on the correlation proposed by SNL and given in Table 2 . Since the primary creep did not show a noticeable instantaneous strain that is often seen in other materials, the exponent of strain has been taken as unity. 
Material damage
The material damage increment due to creep and plastic strains are incrementally accumulated for each element at the end of each time step and given as follows:
where creep fracture strain ε f rac cr is set for each temperature level. The plastic fracture strain ε f rac pl is obtained from the last point of the stress-strain curve at corresponding temperature. The triaxiality factor R ν considers the damage behavior in dependence on the triaxiality of the stress tensor (Lemaitre, 1996) :
where σ h and σ eqv are hydrostatic stress and von-Mises equivalent stress, respectively.
Numerical analysis
For an evaluation purpose, one of the LIVE tests and two FOREVER tests are analyzed using the developed solver. Since the LIVE test series focuses on thermal behavior, the capability of the PECM was confirmed. The focus of FOR-EVER test series is rather on the lower head creep and rupture. The extended solver (PECM/S), including creep and plastic deformation and material damage, was validated by analyzing two tests from the FOREVER test series: EC-FOREVER-2 and -4.
Thermal analysis of LIVE tests 3.1.1. LIVE test facility
In the LIVE facility (Late In-Vessel Phase Experiments) at KIT (Karlsruhe Institute of Technology), the late in-vessel phase of a postulated severe accident in a nuclear power plant is investigated (Fluhrer et al., 2008) . The facility consists of a 1:5 scaled semi-spherical lower head of a typical pressurized water reactor (PWR) (Fig. 2) . According to purposes of each test, different external cooling conditions, melt volumes and heat generation rates can be used. In this study, LIVE-L7V test is analyzed to evaluate PECM implemented in OpenFOAM, an open-source toolbox for developing numerical solvers. Madokoro, Miassoedov and Schulenberg, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.18-00038]
LIVE-L7 test description and numerical analysis
A total of 210 liters of simulant material (80mol% KNO 3 -20mol% NaNO 3 ) was filled into the vessel, corresponding to a 100% of core inventory. The test consists of four steady states with heating power of 29 kW, 24 kW, 18 kW and 9 kW . The external wall was cooled by water with flow rate of ∼250 g/s at the power generation of 29kW. The flow rate was reduced to ∼200g/s at 24kW and 18kW, and finally to ∼150g/s. The water-cooled lid was installed to cool the melt surface. The inlet and outlet water temperatures for both external cooling and melt surface cooling were respectively ∼293 K and ∼303 K throughout the whole experiment. A comparison of the heat flux profile along the vessel wall is shown in Fig. 3 as a function of the angular position from the centerline of molten pool. The calculated shape of the heat flux agrees very well with the experimental findings. The heat flux through the middle section of the vessel is slightly lower than that of vessel bottom in the experiment, while the calculation shows a gradual increase of heat flux along the vessel wall. This can be explained by the effect of non-uniform heating in the experiment and the heat generation in the crust at the bottom of the vessel. The predicted wall temperature profile at the heating power of 29kW reasonably matches with the experimental data.
From a perspective of IVR through external water cooling, heat flux and wall temperature are two important parameters. Therefore, it can be concluded that the PECM has the potential to predict a molten pool behavior in the lower plenum for different geometry of the melt pool. 
. FOREVER test facility
The FOREVER test series performed at KTH ) provide a rich source of data to validate creep models. The facility employs a 1:10 scale steel vessel representing a RPV with internal radius of 188 mm and the wall thickness of 15 mm. The schematic view of the facility is shown in Fig. 4 (left) . The vessel consists of a cylindrical part (15Mo3) which is welded to a hemispherical vessel (16MND5 or SA533B1). The experiment is performed by pouring a Madokoro, Miassoedov and Schulenberg, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.18-00038] (Willschütz et al., 2006) ) and the calculation domain (right) binary oxide melt into the vessel approximately 1500 K, heating the melt with a heater and pressurizing the vessel to ∼25 bar with argon. The simulant material employed was a mixture of 70wt% CaO-30wt% B 2 O 3 .
EC-FOREVER-2 analysis
The EC-FOREVER-2 test was conducted using a vessel manufactured with French RPV steel 16MND5. Although the heating power of 38 kW and the internal pressure of 25 bar were planned, the power reached only ∼20 kW at the early phase of the experiment due to the technical failure . At 12360 s, the power was regained and the pressure was set to 25 bar. The vessel failure occurred at around 3.5 h after the initial pressurization and the failure location was about 50 mm below the weld line located at the angle of 73 from the vessel bottom.
In order to compare the large displacement effect, two calculations have been conducted: one with updated-mesh and one with fixed-mesh. In case of the updated-mesh, the mesh is moved according to the calculated displacement in each time step. The molten pool in the vessel is also moved according to the vessel deformation. Additionally, the emissivity of the melt surface is one of the uncertainties in the experiment and its effect was also compared. Considering calculation expenses, an axi-symmetrical mesh was developed (Fig. 4, (right) ). Thermal calculation is conducted by PECM and its results are reflected in the structural analysis. According to the deformation of the vessel, the geometry of the molten pool is changed in case of updated-mesh.
The temperature profile along the external wall at 15500s is compared in Fig. 5 (left) . In case that the emissivity of melt surface is 0.5, the updated-mesh gives lower temperature along the vessel compared to the fixed-mesh. This is due to larger heat loss to the environment according to larger vessel surface resulted from thermal expansion of the vessel. The calculated displacement at the vessel bottom, however, differed significantly between the cases (Fig. 5 (right) ) and the difference of the failure time was more than 3 hours. In the EC-FOREVER-2 test, the vessel failure occurred from the outside of the vessel and this was qualitatively well demonstrated in the numerical analysis as compared in Fig. 6 (left). The thermal and mechanical load lead to the thickness changes of vessel wall with time and space. The location of the largest thickness change where the vessel failure occurred agrees well with the experiment (Fig. 6 (right) ), which quantitatively shows a capability of the solver to simulate the vessel deformation and failure.
Assuming the emissivity of the melt surface being 0.8, the vessel wall temperature was lower than the one with emissivity of 0.5. As shown in Fig. 5 (left) , the maximal difference was ∼50K at the position where the highest temperature is given. Its effect on the vessel deformation behavior was significant and the failure time differed approximately by 3 hours.
EC-FOREVER-4 analysis
The EC-FOREVER-4 test was the only experiment in the FOREVER test series that was conducted with the American RPV steel SA533B1. The test condition was similar to the EC-FOREVER-2 experiment, having a heating power of ∼38kW and an inner pressure of ∼25bar, and similar results had been expected. The vessel, however, failed earlier and with different failure form (Willschütz, 2005) .
Although the wall temperature profile at 16000s shows a temperature difference of approximately 50K among the Madokoro, Miassoedov and Schulenberg, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.18-00038] cases, which is the similar trend as EC-FOREVER-2, the displacement of the vessel bottom and the failure time had no significant difference (Fig. 7) . As mentioned in 2.2.2 in case of SA533B1 steel, the primary creep was not noticeable where the creep strain rate changes according to the creep strain. Therefore, the secondary creep, where the creep strain rate is determined by stress and temperature, was immediately initiated and the creep process was not notably different. The wall thickness change at the end of the experiment is compared in Fig. 8 (right) . The location of vessel failure was where the thinnest wall was observed and the solver was able to predict it reasonably. Unlike EC-FOREVER-2, the vessel behavior was more ductile and the failure started at the inner wall. As shown in Fig. 8 (left) , the failure mode qualitatively agrees well with the experiment.
Conclusion
In this study, a thermal structural analysis tool for the RPV lower head behavior under core-melt severe accident condition was developed. As a first step, the thermal analysis model, PECM, was implemented in OpenFOAM and was evaluated by analyzing LIVE-L7V experiment. The solver was extended to include a structural analysis model, considering thermal expansion, plasticity, creep and material damage. The creep data of two different steels were also implemented. Two FOREVER tests, each of which uses different steel, were calculated using the extended solver (PECM/S). Although the numerical analysis demonstrated that the emissivity of the melt surface and mesh type (updated or fixed) affect the results significantly where the primary creep is dominant, the solver generally has a capability of predicting the vessel deformation and failure using coupled analysis of thermal behavior of the molten pool and structural behavior of RPV. In the future, the solver should be applied to the real-scale reactor analysis. It is planned to improve the modelling by implementing the material properties database and coupling of the developed solver with the system codes, which might give a new perspective to severe accident management strategy. Madokoro, Miassoedov and Schulenberg, Mechanical Engineering Letters, Vol.4 (2018) [DOI: 10.1299/mel.18-00038] (Altstadt et al., 2005) ) and wall thickness change along the vessel wall (right)
